INTRODUCTION
γ -Polyglutamic acid (γ -PGA), a homopolyamide of D-and L-glutamic acid units, was first discovered as a component of capsules of Bacillus anthracis by Ivonovics and Bruckner [1] . It contains linkages between α -amino and γ -carboxylic groups, as opposed to peptide bonds in proteins. Consequently, γ-PGA is resistant to proteases [2] . However, the polymer is environmentally friendly, nontoxic and nonimmunogenic, and can therefore be used safely in a variety of rapidly increasing applications. Because of these potential applications, the development of processes for improved production and recovery of γ-PGA from the fermentation broth is great importance. However, most research on microbial production of γ -PGA are focused on screening of strains, the optimization of medium and culture conditions with the potential to produce high yield, specific enantiomeric composition and desired molecular mass of γ -PGA at reduced cost. There have been few researchs on the extraction and purification of γ -PGA from fermentation broth.
γ -PGA can be synthesized by polymerase on microbial cell membranes, and then excreted into the culture medium. The molecular weight of γ -PGA is high, and varies from 100 to 2000 kDa. Thus the fermentation liquid becomes highly viscous on production of γ -PGA. Cells encapsulated with γ -PGA possess negative charges near neutral pH because of the ionization of carboxyl groups in γ -PGA molecules. The negative surface charges confer high stability on γ -PGA -encapsulated cells in the culture broth. The stability and high viscosity of the broth create difficulties in sedimentation of the cells during the separation process [2] . This is a major concern in the separation of the cells from γ -PGA in the culture broth.
This study was aimed at finding a feasible method of the separation and recovery of highquality γ -PGA, through investigation of the physical properties, pigment properties and microfiltration mode of the high -viscosity fermentation broth.
EXPERIMENTAL Materials
Granular and powdered, activated carbon were purchased from Xilong Chemical Limited. The activated carbon granules were sieved through number 30 screen to remove fine carbon powder. The portion of activated carbon granules retained on the screen was washed three times with excess volume of 70 % aqueous ethanol to remove any powdered carbon adhering to the surface of the carbon granules. After evaporation of the ethanol, the washed granules were dried overnight in a hot air oven at 105 o C.
Preparation of corn saccharification liquid
Saccharification of corn starch was catalyzed by the double-enzyme method. In this process, a 1:3 (w:v) mixture of corn powder and water (in a tank) was liquefied at 85 o C for 30 min at pH 6.7 -7.0 using commercial thermo -stable α -amylase (20 KU/g). The temperature of the corn saccharification liquid was rapidly decreased to about 60 o C, and then the pH was adjusted to 4.5 with hydrochloric acid. Release of monosaccharides from the saccharification liquid was catalyzed by commercial glucoamylase (50 KU/g) for 4 h. The main components of the corn hydrolysate were reducing sugars, cellulose, and protein (70:11:4 on weight basis). After presaccharification, the glucose monomer fraction was close to 25 %, and the level of release of glucose and nutrients (including protein) was a function of saccharification time. Complete starch hydrolysis required more than 7 h of presaccharification.
Strain and fermentation
The bacterial strain used in this study was 
Removal of pigment in fermentation liquid
Dried activated carbon powder and granules (0.2, 0.4, 0.6, 0.8 and 1.0 g) were separately measured into six 250 mL Erlenmeyer flasks. A flask without activated carbon served as negative control. The cell-free fermentation liquid (100 mL) was added to each flask and the flasks were then sealed with parafilm. The decolorization process was carried out on an Incubator Shaker at 50rpm. The UV absorbance of each liquid fraction was measured at 260 nm.
Statistical analysis
The data are presented as mean ± standard deviation were analyzed Student t-test with Microsoft Excel 2003. P < 0.05 was considered statistically significant. Figure 1 . Changes in the pH of the fermentation broth were also monitored, and the results are shown in Figure 2 . Although pH played an important role in the production of γ -PGA by Bacillus subtilis 115, results from the experiments in this study indicated that strict control of pH was not necessary. In the fermentation, monosodium glutamate was a carbon source for γ -PGA formation, while the glucose in the corn saccharification liquid served as source of energy for microbial growth and product formation. As shown in Figure 1 , the concentration of glucose in the bioreactor rapidly decreased after 10 h. At this time, the release of γ -PGA into the broth had commenced. This implies that the production of γ -PGA was partially associated with cell growth. The levels of consumption of glutamate and glucose during the fermentation process were about 10 g/L and 60 g/L, respectively, and the yield of γ -PGA was stable, rising to a peak value of 35 g/L.
RESULTS

Batch fermentation produced
Effect of temperature on viscosity of fermentation broth at different dilution time
The viscosity of γ -PGA fermentation liquid was too high, it was not conducive to the removal of the cell. Accordingly, the effect of temperature on the viscosity of fermentation broth with different dilution times was evaluated. As shown in Figure  3 , the viscosity of the culture broth decreased with increasing temperature and degree of dilution (dilution -fold). When the fermentation liquid was diluted 3-fold, the viscosity reduced from 1600 to 100 mPa.s 
Effect of pH on the viscosity of fermentation broth at different dilution times
The viscosity of the fermentation broth containing γ -PGA is not only affected by temperature, but also affected by pH. The pH of the culture broth was adjusted to 2.5 -11.5 with 6 mol/L HCI and 10 mol/L NaOH. The effect of temperature on the viscosity of fermentation broth with different dilution times was evaluated. Figure 4 shows that the viscosity of fermentation broth was affected by pH and dilution fold. At the end of fermentation, the pH of the culture broth was about 5.5. As shown in Figure 4 , the viscosity of fermentation broth significantly decreased as the pH decreased from 5.5 to 2.5 and increased from 8.5 to 11.5 with dilution 1 fold.
Characteristics of pigment in fermentation liquid
The fermentation liquor, prior to removal of cells by plate-and-frame filtration, was buff due to pigment. This would affect the quality of γ -PGA products. Thus experiments were carried out to determine the characteristics of the pigment and the most efficient decolorization method to be used. The sample was scanned in a UV spectrophotometer at wavelength range of 200 -500 nm. As shown in Figure 5 , it was found (through comparison with the spectrum of highpurity γ -PGA) that the maximum absorption wavelength of the pigment in the fermentation liquor was 260 nm.
Effect of activated carbon powder and granules on pigment removal
The results indicated that activated carbon was very effective in removal of the pigment. As shown in Figure 6A , the decolorization effect of powdered activated carbon was better than that of granulated activated carbon. The results revealed that under the experimental conditions used (shaking at 50 rpm for 20 min), 0.6 % powdered activated carbon was the most effective concentration for decolorization and removal of impurities from the cell-free culture broth containing γ-PGA.
Activated carbon is a non-specific adsorbent which decolorizes by binding to colored components/pigments. The advantage of this method of decolorization is that due to its high molecular weight, γ -PGA does not adsorb readily to activated carbon, unlike low molecular impurities, such as pigments and proteins. The percentage decolorization which is the ratio of the absorbance values at 260 nm before and after decolorization, was up to 88 % as shown in Figure 6 (B). The rate of decolorization remained constant with changes in duration of shaking.
Concentration of γ-PGA aqueous solution by ultra-filtration
The use of concentrated solutions of γ -PGA reduces cost of drying. Ultra -filtration is typically used to concentrate solutions of macromolecules and colloids from solution, the lower limit being solutes with molecular weights of a few thousand Daltons. Because of high molecular weight, γ -PGA aqueous solution could also be concentrated by ultra -filtration. After fermentation the molecular weight of γ -PGA was in the range of 500 -1200 kDa. Therefore, a membrane having Molecular Weight Cut Off (MWCO) of 100 kDa was chosen as an efficient and economical procedure for concentration of γ -PGA. The γ -PGA solution was concentrated at a pressure of 0.12 MPa using the concentrationdilution -concentration -dilution -concentration method, with a hollow -fiber cartridge having a membrane area of 650 cm 2 , as shown in Table 1 . 
Characteristics of γ-PGA
The molecular weight of γ -PGA was 1095 kDa (as determined using GPC), and the polydiversity index (Mw/Mn) was 1.060. The spectrum from UV scan of PGA showed absorption peak at 216 nm. There was no absorption peak in the range of 260 -280 nm, indicating absence of peptide chain structure in the polymer. 
DISCUSSION
The production of γ -PGA with Bacillus subtilis115 was partially associated with cell growth, which is in agreement with results reported earlier [3] [4] [5] . The levels of consumption of glutamate and glucose during the fermentation process were about 10 g/L and 60 g/L, respectively. The change of pH during fermentation was slight, and could be used as a criterion for the normal or not fermentation with the consumption of glucose and glutamic acid.
The first task in the process of refining the γ -PGA was to remove the B. subtilis 115 cells from culture broth. However, it was necessary to handle the culture broth first in order to make for efficient removal of the cells due to the high viscosity of the fermentation broth containing γ -PGA. After investigated the effects of dilution ratio, temperature and pH on the viscosity of fermentation broth, it was found that dilution could be used as the most effective pretreatment method, and the cell could be effectively removed by dilution. Because of higher thermal energy of water molecules, the viscosity of γ -PGA solution did not decrease with increasing temperature as expected. Optical Rotatory Dispersion (ORD) studies have shown that strong hydrogen bonds make the γ -PGA assume a tightly compacted a-helix conformation, resulting in a strong hydrophobic character [6] . However, as pH increases, the hydrogen bonds are broken, the a-helical conformation changes into a linear random -coil conformation, and the α-COOH group ionizes to form a -COO-anion. It was reasoned that the viscosity of culture broth containing γ-PGA would decrease at low pH due to the reduction of ionized γ -PGA, which would result in less interaction between water and γ -PGA. It has been reported that the zeta potential of cells was reduced with decreases in pH from 7 to 2 [7] . The cells, which had lost their surface charges at low pH, were aggregated by their interactions. It was also reported in the same studies that separating γ -PGA at low pH was beneficial on a large -scale, because it resulted in significant lowering of energy cost implications [7] . However, this was not a favorable method for isolating γ -PGA because the polymer chains of γ -PGA might be liberated under acidic conditions, which would result in a decrease in molecular weight of γ -PGA.
Although activated carbon can effectively adsorb the pigment in fermentation broth, it was also found that the longer the contact time of activated carbon with the fermentation fluid containing γ -PGA, the harder it became to separate the activated carbon from γ -PGA. It is likely that the activated carbon was trapped by the high molecular weight γ -PGA.
Ultra-filtration not only increased the concentration of γ -PGA, but also effectively removed low molecular impurities and improved the purity of the γ -PGA.
CONCLUSION
This study demonstrates that the problem of extracting and purifying γ-PGA from high viscosity fermentation broth has been resolved using the method developed. The viscosity of the fermentation broth can be greatly reduced by dilution so that cells can be effectively removed. Activated carbon decolorization and ultrafiltration improves the purity of γ-PGA and lower the cost of extraction and purification of γ-PGA, thus making it possible to use γ-PGA more widely.
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